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An experimental study of the extinction threshold of single bubble sonoluminescence in an air-water
system is presented. Different runs from 5% to 100% of air concentrations were performed at room
pressure and temperature. The intensity of sonoluminescence �SL� and time of collapse �tc� with
respect to the driving were measured while the acoustic pressure was linearly increased from the
onset of SL until the bubble extinction. The experimental data were compared with theoretical
predictions for shape and position instability thresholds. It was found that the extinction of the
bubble is determined by different mechanisms depending on the air concentration. For
concentrations greater than �30%–40% with respect to the saturation, the parametric instability
limits the maximum value of R0 that can be reached. On the other hand, for lower concentrations,
the extinction appears as a limitation in the time of collapse. Two different mechanisms emerge in
this range, i.e., the Bjerknes force and the Rayleigh–Taylor instability. The bubble acoustic emission
produces backreaction on the bubble itself. This effect occurs in both mechanisms and is essential
for the correct prediction of the extinction threshold in the case of low air dissolved
concentration. © 2008 Acoustical Society of America. �DOI: 10.1121/1.2903854�

PACS number�s�: 43.35.Hl �AJS� Pages: 1490–1496
I. INTRODUCTION

Sonoluminescence is the phenomenon where a pulsed
light source is obtained from an ultrasonic field. Given that
the light belongs to the visible spectra, a concentration of 12
orders of magnitude in energy density is obtained.1 This phe-
nomenon occurs when a bubble is trapped in an antinode
pressure �velocity node� of a standing wave. When the pres-
sure amplitude is increased, the bubble oscillations become
highly nonlinear and produce a violent collapse. During the
collapse, an almost adiabatic heating of the inner gas is
achieved, leading to the thermal emission process.1,2

The region of the parameter space in which this phe-
nomenon occurs is limited by two main factors. First, the
collapse must be strong enough to produce the necessary
heating of the bubble contents. This implies that the point in
the phase diagram must be above the Blake threshold.3 Sec-
ond, the bubble must remain stable during the whole process.
In addition to the diffusive and chemical stabilities, which
determine the equilibrium position in the phase space, the
shape and position stability must be satisfied, i.e., the bubble
must not break into pieces and it has to remain trapped in the
pressure antinode.

Holt and Gaitan4 and Gaitan and Holt5 studied the sta-
bility boundaries of single bubble sonoluminescence �SBSL�.
They found that two upper limits appear. One limit is in the
ambient radius �R0� and the other is in the acoustic pressure
�Pa� in which stable SBSL is obtained.

The upper threshold in R0 has been interpreted as the
onset of the parametrical instability, in reasonable accor-
dance with the experimental data.5–8 This limit extends to the
region where the bubble is not sonoluminescent. However,
regarding the limit in Pa, there is a controversy as to which

9
mechanism is responsible for the extinction.
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In addition, the experimental data collected in the region
of the SBSL parameter space by most groups4–7 have been
obtained in static conditions of acoustic pressure. In this way,
the points in the vicinity of extinction are inaccessible be-
cause they are, in general, unstable.

The instability in the vicinity of the extinction threshold
is associated with a recycling mode.4,5,10,11 Furthermore, it
has been divided into two types depending on the temporal
pattern. Type 1 is associated with a sudden drop in intensity
and time of collapse, followed by a slow increase of both
quantities in the order of seconds. Type 2 is similar to type 1,
but the maximum intensity is tenfold smaller and has a
colder spectrum than stable sonoluminescence �SL�.10 Those
modes of recycling are related to a bubble pinch off and
formation of multiple fragments. These fragments can dis-
solve or recombine to form a new bubble with a renewed
intake of air. In type 1 recycling, the nitrogen and oxygen are
burned off while the equilibrium diffusive concentration is
reached. In type 2, instead, the instability threshold is
reached before the burn off becomes efficient and, therefore,
the bubble is mostly air filled.10

Dam and Levinsen10 observed that both types of recy-
cling modes are preceded by a period doubling in the ampli-
tude of SL. This fact and the spatial anisotropy in the flashes
are indications that the instability would be instigated by a
nonspherical perturbation. In addition, An et al.9 calculated
the instability threshold of SL under a nonspherical sym-
metrical acoustic pressure perturbation. They chose this per-
turbation as a parameter to fit the available experimental data
without specifying the source of such a perturbation.

Besides, Holzfuss and Holt12 showed that the shock
wave emitted by the bubble generates a complex mode field

consisting of higher harmonics of the applied driving. These
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harmonics extend to the megahertz range and have about
10% of the driving amplitude. Holzfuss and Holt found that
the bubble position and stability are determined by this com-
plex sound field.

In this work, we measure the data points in phase space
in a continuous way by slowly increasing the acoustic pres-
sure. As a consequence, we can access the region close to the
extinction. Repetitions of these experiments give us an indi-
cation of the statistical occurrence of the extinction thresh-
old. Moreover, we can explore the region in which the dy-
namics are unstable and obtain an estimation of the strength
of instability.

The results are compared with theoretical predictions of
the extinction threshold for different instabilities of shape
and position. A close relationship between the extinction and
the high frequency harmonics emitted by the bubble is pro-
posed.

II. APPARATUS

Measurements were made by using a typical apparatus
for SBSL similar to the one first reported in Ref. 8. We use a
Pyrex made spherical resonator 60 mm in outer diameter
with a resonance frequency of approximately 28.3 kHz. The
resonator cell was filled with distilled, 0.45 �m filtered, and
partially degassed water. After filling, the liquid sample was
sealed to prevent diffusion to the atmosphere. The experi-
ments were conducted at a controlled temperature of 23 °C
and a room pressure of 0.92 bar. The whole setup was ther-
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FIG. 1. Experimental setup. Typical apparatus for SBSL in which a driving v
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mally isolated and temperature controlled. We surveyed the
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phase space of SBSL by making a continuous increase in the
voltage of the drivers from the onset of SL until the extinc-
tion of the bubble for a set of different concentrations of
dissolved air. The air concentrations were between 5% and
100% with respect to the saturation. To determine the posi-
tion in the phase space at each moment, we simultaneously
measured the time of collapse �defined as the time between
the zero crossing of acoustic pressure with negative slope
and the bubble collapse�, the SL flash intensity, and the mi-
crophone signal.

Figure 1 shows the experimental setup. A function gen-
erator signal was amplified by an audio amplifier and a reso-
nant RLC circuit. In such a circuit, the capacitance was the
piezodrivers �PZT� of the resonator. The output of the func-
tion generator was computer controlled to generate the
amplitude-modulated wave for the resonator driving.

In each run, the frequency was adjusted to the resonant
frequency of the system. The resonant frequency changes
indicate the slight increase in temperature because of the
piezodriver heating.

We linearly increased the acoustic pressure from the on-
set of SL, at about 1.2 bar, until the bubble extinction at
about 1.4 bar. To choose the acoustic pressure increase rate,
two facts must be taken into account. First, the rate of in-
crease must be small enough to ensure a negligible departure
from the behavior under a constant acoustic pressure at each
instant. On the other hand, the rate of the increase must be as
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order to satisfy these constraints, we choose approximately
4 mbar /s for the acoustic pressure increase rate �i.e., each
run takes about 50 s�.

The pressure values at the beginning and end slightly
depend on the particular dissolved air concentration. In all
the runs, the pressure increase rate was the same.

We measured the SL pulse intensity using an Oriel
33740 phototube �PT�. We obtained the bubble time of col-
lapse and the SL intensity from the PT signal. A small piezo-
electric crystal �microphone� was glued to the resonator wall
to obtain a signal proportional to the applied acoustic pres-
sure. The time of collapse was measured with a Stanford
Research timer �SR620�. The timer start and stop signals
were obtained from the microphone and PT pulse, respec-
tively. The time precision of the measurements was only lim-
ited by the microphone signal jitter �about 50 ns�. The timer
was operated at its maximum rate of about 1200 samples /s,
which is close to 1

24 of the resonator frequency.
The microphone signal was filtered by a lock-in ampli-

fier referenced to the function generator output. Thus, a sig-
nal proportional to the resonator driving amplitude was ob-
tained. The integration time of the lock-in was 10 ms in all
the measurements.

A gated integrator boxcar Stanford Research Systems
�SRS� averages the intensity of 1000 samples of the SL flash
at a frequency of about 14 kHz �half of the driving fre-
quency�. The lock-in output and the SL intensity were ac-
quired by a digital oscilloscope connected via General Pur-
pose Instrumentation Bus �GPIB� to the computer.

Another digital oscilloscope was used to monitor the
integrator window �3 �s in width� and the SL pulse coinci-
dence in time. The SL pulse was preamplified 25 times by
using a Stanford Research amplifier �SR244�. Hence, the PC
acquired the time of collapse, the microphone, and the SL
intensity as a function of the measurement time.

The temporal evolution of the bubble radius was mea-
sured using the Mie scattering technique �not shown in Fig.
1�8,13–15 at different acoustic pressure values for each air dis-
solved concentration. In these measurements, the values of
acoustic pressure were constant in time.

We use the numerical model described in Ref. 8 to fit the
bubble radius temporal evolution. We outline here the differ-
ent components of our model. See Ref. 8 for more details.
The model includes the following: �1� transient and spatially
nonuniform heat transfer using a collocation point method,
dissociation of O2 and N2, and mass diffusion of vapor in the
noncondensable gases inside the bubble; �2� nonequilibrium
evaporation and condensation of water and a temperature
jump due to the accommodation coefficient at the bubble
interface; and �3� transient and spatially nonuniform heat
transfer using a collocation point method and mass diffusion
of the gas in the liquid. The model computes the gas diffu-
sion in the liquid and inside the bubble following a similar
approach to the one used for the thermal equation by obtain-
ing the points in phase space that are stable from a mass
diffusive point of view.16 The chemical kinetic model de-

scribes the molecular decomposition of the water vapor mol-
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ecules inside the bubble upon collision with an inert gas. It
includes the elementary reactions between stable species and
free radicals for the system.

The acoustic pressure obtained from the model was used
to calibrate the filtered microphone signal. A calibration of
the microphone was made for each dissolved air concentra-
tion. The calibrations do not show statistical variation for the
different air concentrations.

The ambient radius �R0� was computed by the numerical
model8 from the acoustic pressure and time of collapse val-
ues. We take R0 at the time when the acoustic pressure is
zero with negative slope. We want to remark that, while it is
well established that the determination of acoustic pressure
with this technique is quite good �0.05 bar precision�,1,8,15

the value of R0, instead, will be correctly predicted only in
case a chemical and diffusive equilibrium inside the bubble
is developed.

Finally, it is important to note that because of the mea-
surement system, based on the detection of the flash pulses,
the parameter space obtained is strictly for sonolumines-
cence.

III. RESULTS

Figures 2�a�–2�c� show the time of collapse, the SL in-
tensity, and the microphone signal, respectively, as functions
of the measurement time in an experimental run. The air
concentration was about 5% with respect to saturation. We
set the bubble extinction time as t=0 s.

In this particular experiment, the ramp was started at
t=−30 s, increasing the driving signal amplitude until the
bubble extinction at t=0 s.

The time of collapse, the SL intensity, and the micro-
phone signal amplitude mean values monotonically increase.
However, several fluctuations appear in the whole range, as
is shown in Fig. 2. At a time of about −8 s, a different be-
havior arises with particular features until the extinction of
the bubble.

The bursts observed in Fig. 2�a� at times t=−20 s and
t=−14 s �details in the insets� were common in all the mea-
surements regardless of the air concentration. The particular
shape and temporal position of the burst were different for
each measurement. However, for a given air concentration,
the ramp zones where the time of collapse has low variance
are quite repetitive. This fact will be further analyzed from
the results of Fig. 3.

Figure 2�a�, insets 1 and 2, show that the time of col-
lapse fluctuations are quite complex. In some cases �inset 2�,
the structure is similar to the period doubling reported in the
past.17 Time of collapse fluctuations as those displayed by
inset 1 have not been reported in the literature.

The SL intensity �Fig. 2�b�� decreases in coincidence
with the time of collapse burst. At higher acoustic pressures
and before the bubble extinction, a series of sudden drops in
time of collapse appears. At the same time, a tenfold de-
crease in SL intensity is observed. This behavior is similar to
the one investigated by Dam and Levinsen10 and named the
second recycling mode. In Ref. 10, a period doubling is

found just before that recycling mode appears. We are not
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able to detect this feature because of the running average
performed by the boxcar integrator in the SL intensity deter-
mination.

Two stability regions can be recognized from Fig. 2, at
times t=−7 s and t=−4 s. In those regions, the time of col-
lapse is almost constant and the SL intensity slowly in-
creases. Note that the slow increase is not an integration
effect but a diffusive process within the bubble. The drops,
instead, seem to be limited only by the SL pulse integration.

Figure 2, inset 3, shows an enlargement of the final
stages of the bubble before the extinction. In such a region,
the occurrence frequency of recycling is quite high
�30–100 Hz�. In the last stage, the amplitude of recycling
also increases and the bubble suddenly disappears.

Figure 3 shows the SL intensity as a function of mea-
surement time for six realizations at �5% of air concentra-
tion with respect to saturation. The SL intensity monotoni-
cally increases with the time of collapse almost until the

FIG. 2. �Color online� �a� Time of collapse temporal evaluation for 5% disso
extinction. �b� Light pulse intensity for the same run as in �a�. The intensity
of the microphone signal.
lved air with respect to saturation. The insets show details of fluctuations and the
results from a running average of 1000 pulses. �c� Driving frequency component
bubble extinction.
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However, before the bubble extinction, the SL intensity
presents a decrease until values as low as 10% of the maxi-
mum SL intensity. The decrease in SL intensity is coincident
with the second recycling mode in the last stage of Fig. 2.

In Fig. 3, “stable” and “unstable” points are classified.
This differentiation was obtained by computing the maxi-
mum time of collapse difference among 500 consecutive
points. When that difference was bigger than 150 ns, the
points were considered unstable; otherwise, they were con-
sidered stable.

Figure 3 shows separated zones for stable and unstable
points especially at high acoustic pressure values. Also, the
stability islands of Fig. 2 correspond to stable point region of
Fig. 3. The ambient radius �R0� and acoustic pressure �Pa�
were computed from the measured time of collapse and mi-
crophone signal, respectively.

Figure 4 displays the R0 and Pa values for three different
air concentrations �the measured values of Cinf /C0 were 0.14,
0.4, and 0.5�. To illustrate the measurement fluctuations, two
runs are shown for each air concentration. The SL intensity is
mapped into the color bar at the right of Fig. 4.

The assigned errors of the points are 50 ns for the time
of collapse �tc� and 0.05 bar for the acoustic pressure �Pa�.
The acoustic pressure errors at high air dissolved concentra-
tions are larger �0.1 bar� due to the relatively poor bubble
spatial stability. The ambient radius error is determined by
the Pa and tc errors and the position in the phase diagram.
The R0 error is bounded to 0.7 �m for small R0 values and
1.5 �m for high R0 values.

As Fig. 4 shows, the SL intensity monotonically in-
creases with the acoustic pressure for the three air concen-
trations. Nevertheless, a region of low SL intensity for times
of collapse at about 21 �s can be observed. This region cor-
responds to the low SL intensity points at the right of Fig. 3.
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FIG. 4. �Color online� Phase diagram of sonoluminescence. The points are
the experimental results for three different air concentrations �from bottom
to top: 0.14, 0.4, and 0.5, respectively�. For each air concentration, two runs
are shown. The gray level �color online� maps the SL intensity relative to the
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ferent air concentrations. The dashed �blue online� lines are the constant
time of collapse curves.
Figure 4 shows that the measured values of air concentration
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reasonably agree with the ones predicted by the numerical
model. While the pathways for Cinf /C0=0.4 and 0.5 follow
the trends of the equilibrium curves, the path for Cinf /C0

=0.14 shows a more pronounced deviation at low acoustic
pressure.

For measured air concentrations higher than 60%, the
points lie on stability curves of lower calculated air concen-
trations. For measured air concentrations of 82% and 100%,
the points were always unstable and spread over the whole
phase diagram around the time of collapse curve of 21 �s.

Figure 5 displays R0 and Pa values for 11 air concentra-
tions in the range of 5%–100%. About ten runs in each con-
centration were measured. To adequately represent the high
number of data points, the SL intensity was averaged into
patch regions of 0.08 �m and 6 mbar over the whole phase
diagram. The SL intensity is mapped into the color bar at the
right of the figure.

Figure 5 shows that the SL intensity increases with the
acoustic pressure for all air concentrations. Besides, it is
worth noting that the SL intensity seems to be determined
only by the time of collapse value, regardless of the air con-
centration.

In Fig 5, other than the stable equilibrium and time of
collapse curves, the calculated parametric instability,
Rayleigh–Taylor instability, and Bjerknes instability thresh-
old are also included. In order to close the phase space of SL,
the Blake threshold is included. The Bjerknes instability was
calculated by taking into account two acoustic field contri-
butions: The first component was the acoustic field generated
by the drivers at the frequency of resonance �f res� and the
second contribution was an 11-fold in frequency and a 10%
in amplitude with regard to the first contribution. The relative
phase between them was set to zero. At t=0 the fundamental
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FIG. 5. �Color online� Phase space of sonoluminescence. The thin dashed
�blue online� lines are the constant time of collapse curves. The thick dashed
�red online� line is the parametric instability for the mode n=2 �Refs. 1 and
8�; the dotted dashed �blue online� line is the Rayleigh–Taylor instability for
the mode n=2 �Refs. 1 and 8�; the filled gray �green online� line is the Blake
threshold. The filled black line is the Bjerknes force threshold where a high
frequency harmonic of the acoustic pressure has been taken into account in
the calculation.
crosses zero with negative slope �−sin�2�f rest��. We define
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the relative phase equal to zero when at t=0 the harmonic
�second contribution of the acoustic field� crosses zero with
negative slope too. Similar results were obtained by consid-
ering another harmonic. On the other hand, the phase be-
tween the harmonics is a sensitive parameter. We chose the
phase in order to obtain the calculated extinction threshold
for the smallest time of collapse value.

With regard to the extinction threshold, it can be ob-
served that for calculated concentrations higher than 30%,
the extinction of the bubble is determined by an upper value
in equilibrium radius. This fact is in good accordance with
the limit set by the parametric instability.

For calculated air concentrations lower than 30%–40%,
we found that the evolution of SL presents an upper limit in
the time of collapse between 21.5 and 22 �s.

The Rayleigh–Taylor instability calculated as in Ref. 8 is
not consistent with the threshold established by the experi-
mental data.

IV. DISCUSSION

From the onset of SL at low acoustic pressure, the light
emission process is stable except for the existence of zones
in which burst in time of collapse appears �Fig. 2�a�, insets 1
and 2�. The positions of those zones are reproducible in dif-
ferent runs for a fixed air dissolved concentration and tem-
perature. These bursts present a complex structure. In some
cases, a period doubling and even more sophisticated evolu-
tions were observed.

With the exception of some earlier works,5,12 these in-
teresting structures have been largely overlooked in SL. We
believe that it is because the bursts are experimentally ob-
tained only in small regions and present a high sensitivity
upon the control parameters such as temperature or dissolved
gases.

At higher acoustic pressures and before the extinction, a
recycling mechanism is developed �Fig. 2�a�, inset 3�. It is
possible to recognize two types of recycling modes that dif-
fer in the recycling frequency and SL intensity. In Fig. 2�a�,
a zone of the first mode is developed between regions of the
second recycling mode at the end of the temporal evolution.

The first recycling mode was predominant at high air
concentrations and appears at lower acoustic pressure values
than the second type. We found that the extinction of the
bubble always occurs after the second recycling mode is de-
veloped, regardless of the air concentration �Fig. 4�. The
measurement time �i.e., the range of acoustic pressures� that
the bubble persists in the second recycling mode increases
with the dissolved air concentration; as a matter of fact, for
air saturated water, the bubble is in a recycling mode in the
whole range of acoustic pressures where SL is observed.

We interpret the extinction as a statistical event in which
each pinch off of the bubble in the recycling mode is a po-
tential extinction. We experimentally found that the extinc-
tion probability is a function mostly of the time of collapse
of the bubble. This is true for air concentration lower than
30%–40%. For higher concentrations, the parametric insta-
bility seems to be the mechanism that produces the extinc-

tion.
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Taking into account the characteristics of the recycling
mode, specifically, the existence of a period doubling in SL
amplitude and correlated spatial anisotropy,11 and the pinch
off of the bubble in fragments,10,11 we associated the onset of
this phenomenon to a nonspherical acoustic pressure pertur-
bation.

We perform a simple analysis of the intensity of ultra-
sound emitted by the bubble from the temporal evolution of
the radius �from the numerical model�.3 The results show that
the total emission of ultrasound also mainly depends on the
time of collapse. This preliminary calculation is not conclu-
sive but gives us an indication that a possible source for the
perturbation is actually the ultrasound emission of the bubble
that interacts with the resonator. Furthermore, there is
evidence12,15,18,19 that the ultrasound emission of the bubble
affects the position and stability of the bubble.

In the calculated instability threshold of SL by
An et al.9 a nonspherical symmetrical acoustic pressure per-
turbation is utilized as a parameter to fit the available experi-
mental data without specifying the source of such a pertur-
bation. However, the calculated threshold shows the correct
dependence at low air dissolved concentrations.

On the other hand, we present the results on the
Bjerknes instability when an acoustic harmonic is consid-
ered. This calculation does not pretend to evaluate the exact
value of the Bjerknes force from the complete ultrasonic
field that experiences the bubble but evaluates the reliability
of the mechanism. The stability threshold obtained fits rather
well the experimental data. Nevertheless, it is worth noting
that the stability threshold does not imply the bubble extinc-
tion. In addition, if the Bjerknes force is the mechanism that
limits the values of the time of collapse, it is expected that
the SL intensity smoothly varies while the bubble goes away
from the center of the resonator. This feature was never ob-
served in the experiments.

V. CONCLUSIONS

We study the evolution of the SL while a continuous
increase in acoustic pressure was applied. We found two dif-
ferent behaviors determined by the air dissolved concentra-
tion. For concentration higher than 40%–50% with respect to
saturation, the extinction of the bubble is determined by an
upper value in equilibrium radius. This fact is in good agree-
ment with the limit set by the parametric instability.

For air dissolved concentrations lower than 30%–40%,
we found that the evolution of SL presents a different mecha-
nism for the extinction. We experimentally found that the
extinction probability is a function mostly of the time of
collapse value.

We propose two different mechanisms that could explain
this behavior: A Rayleigh–Taylor instability amplified by a
nonspherical acoustic perturbation and the existence of a de-
stabilizing Bjerknes force that takes into account the contri-
bution of the acoustic harmonics.

Although both mechanisms show the correct depen-
dence, the mechanism of the nonspherical acoustic perturba-
tion is more consistent with the experimental observation of

an abrupt extinction of the bubble. However, more calcula-
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tions including the measured value of the perturbations are
necessary to validate the proposed mechanism. Nevertheless,
in both mechanisms analyzed, the backreaction of the bubble
acoustic emissions seems to be essential for the correct pre-
diction of the extinction threshold for low air concentrations.
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